Patients with CKD suffer high rates of thrombosis, particularly after endovascular interventions, yet few options are available to improve management and reduce thrombotic risk. We recently demonstrated that indoxyl sulfate (IS) is a potent CKD-specific prothrombotic metabolite that induces tissue factor (TF) in vascular smooth muscle cells (vSMCs), although the precise mechanism and treatment implications remain unclear. Because IS is an agonist of the aryl hydrocarbon receptor (AHR), we first examined the relationship between IS levels and AHR-inducing activity in sera of patients with ESRD. IS levels correlated significantly with both vSMC AHR activity and TF activity. Mechanistically, we demonstrated that IS activates the AHR pathway in primary human aortic vSMCs, and further, that AHR interacts directly with and stabilizes functional TF. Antagonists directly targeting AHR enhanced TF ubiquitination and degradation and suppressed thrombosis in a postinterventional model of CKD and endovascular injury. Furthermore, AHR antagonists inhibited TF in a manner dependent on circulating IS levels. In conclusion, we demonstrated that IS regulates TF stability through AHR signaling and uncovered AHR as an antithrombotic target and AHR antagonists as a novel class of antithrombotics. Together, IS and AHR have potential as uremia-specific biomarkers and targets that may be leveraged as a promising theranostic platform to better manage the elevated thrombosis rates in patients with CKD.
CKD creates a highly thrombogenic milieu 1,2 and represents a potent risk factor for both venous thromboembolic events and arterial thrombosis manifesting as endovascular thrombosis following angioplasty, coronary stenting, and arteriovenous fistula interventions. Clinical trials demonstrate that CKD independently increases the risk of coronary stent thrombosis by 6.5-10-fold, a risk factor second in impact to inadequate antithrombotic medications, strongly implicating renal failurespecific prothrombotic mediators. 3, 4 Beyond disease-specific propensities alone, thrombosis management in CKD patients poses unique challenges. While conventional antithrombotic medications have reduced effectiveness in CKD patients, bleeding risk is simultaneously increased leading to a narrow therapeutic window. [5] [6] [7] Identifying CKD-specific therapeutic targets is a promising strategy for reducing CKD-related thrombotic complications.
The state of the local vessel wall drives postinterventional thrombogenicity. Endothelial cell (EC) denudation exposes vascular smooth muscle cells (vSMCs) and thrombogenic constituents. Notably, tissue factor (TF), the initiator of extrinsic coagulation, is highly expressed in vSMCs. 8, 9 In renal failure, uremic metabolite accumulation can inflict direct cellular stresses. 10, 11 In particular, the indolic metabolites, indoxyl sulfate (IS) and indoxyl acetate (IA), were recently implicated in postinterventional thrombosis through enhancement of vSMC TF by inhibiting TF ubiquitination and degradation. 8 As mechanisms through which IS and IA mediate these effects were poorly characterized, it remained unclear how to leverage these findings to develop CKD-specific therapeutics.
We now demonstrate the critical role for the aryl hydrocarbon receptor (AHR) in uremic thrombosis. The AHR is a highly conserved receptor/transcription factor with important roles in xenobiotic metabolism, carcinogenicity, and vascular inflammation. 12, 13 In addition to its transcriptional roles, it mediates degradation of proteins through the ubiquitin ligase complex. 14, 15 Several endogenous chemicals, including IS, bind to and activate the AHR. 12, 16 Therefore, we hypothesized that IS accumulation in CKD patients induces TF through an AHR pathway, thus potentiating thrombosis. Our results demonstrate that the AHR regulates baseline and IS-mediated vSMC TF levels and activity and show the feasibility of targeting this AHR pathway with novel competitive AHR antagonists able to modify CKD-specific thrombotic risk.
RESULTS

Patient Characteristics
Sera were obtained with patient consent and approval of the institutional review boards of both the Boston University Medical Campus and the Massachusetts Institute of Technology from 20 patients with ESRD receiving maintenance hemodialysis. Baseline characteristics (Supplemental Table 1 ) describe a cohort representative of Boston's inner city population comprising 17 black and three Hispanic patients, predominantly males, with median age 49 years (range 27-43 years) and relatively high body mass index (median 26.5, range . 8 Diabetes and hypertension were dominant causes of ESRD. Vascular disease (cardiovascular, cerebrovascular, and peripheral vascular diseases) was present in 35%-40% of patients. Half were taking 81 mg/day of aspirin; none were taking anticoagulants.
IS Correlates with AHR and TF Activities in ESRD Patients
Our previous work examined the overall effect of uremia and showed that IS or pooled uremic sera increased TF expression and activity in vSMCs. 8 We now demonstrate patient-specific IS levels (liquid chromatography/mass spectrometry; Supplemental Figure 1 , Supplemental Tables 2 and 3 ) correlate with quantitative vSMC TF function and further validate this relationship using age, gender, and ethnicity-matched controls. ESRD patients had, on average, a 55-fold higher level of IS than controls (P,0.001) ( Table 1) . Similarly, vSMC procoagulant TF activity (Supplemental Figure 2) increased following exposure to sera from individual ESRD patients (P,0.001), correlating significantly with IS level in individual ESRD patients (Spearman correlation coefficient=0.71, P,0.001) ( Table 2) .
As IS is a known AHR agonist, 16 and human medium-sized blood vessels show high expression of AHR in vSMCs ( Figure  1A , Supplemental Figure 3 ), we posited that IS levels are likely to correlate with AHR activity, as measured using a promoterreporter assay (Supplemental Figure 4) . Compared with controls, AHR activity was significantly higher in uremic patients (P,0.001), and in addition to IS levels (Spearman correlation Table 2 ), raising an interesting possibility of AHR mediating IS-induced TF and an IS-AHR-TF thrombosis axis. Diabetes is a strong risk factor for both CKD and thrombosis. It enhances thrombosis by perturbing several components of the coagulation system 17 raising the possibility of it being a confounder in the above cohort, which consisted of 45% diabetic patients. However, a subgroup analysis of control-matched nondiabetic ESRD patients revealed significantly higher IS levels and TF and AHR activities; also significant correlations between IS and AHR (Spearman correlation coefficient=0.62, P=0.03) and IS and TF (Spearman correlation coefficient=0.88, P=0.004) were found in the nondiabetic ESRD group (Supplemental Tables 5 and 6). Although these findings need validation in larger cohorts, it points to the independence of this axis from diabetes.
IS Activates AHR Signaling in vSMCs
We mechanistically examined the hypothesis that IS regulates TF through AHR signaling in vSMCs. Four events characterize AHR activation: (1) AHR nuclear translocation; (2) increased AHR transcriptional activity; (3) upregulation of prototypic target genes such as CYP1B1; 12 and (4) proteasomal AHR degradation as it cycles out of the nucleus. 12, 13 In vSMCs, IS treatment induced each of these characteristics in a manner blocked by competitive AHR antagonists. vSMC baseline AHR was predominantly cytosolic as determined by western blotting ( Figure 1B ) and immunofluorescence ( Figure 1C) . A minor nuclear fraction indicated basal activation. Both IS and uremic serum induced AHR nuclear translocation within 20 minutes (Figure 1 , B and C), an effect abrogated by a novel AHR antagonist, CB7993113, developed by our group 18 and CH223191, a well established AHR antagonist 19 ( Figure 1C , Supplemental Figure 5 ).
Since IS circulates in albumin-bound and free forms, 10,11,20 we examined AHR activation with both forms using concentrations observed in different CKD stages (Supplemental Table  4 ). In an AHR-driven reporter assay, both IS forms induced dose-dependent AHR transcription. IS levels equivalent to those found in early CKD patients also significantly increased AHR activity, which was dose-dependently suppressed by CB7993113 ( Figure 1D , Supplemental Figure 6 , B and C). Similarly, IS increased expression of endogenous AHR-target genes Cyp1a1, Cyp1b1, and Ahrr, all of which were suppressed by AHR antagonist ( Figure 1E ). Downregulation of AHR expression in controls and even more so with uremic sera is consistent with AHR activation followed by proteasomal degradation 12, 16 within 12 hours of treatment ( Figure 1F ). AHR levels remained stable with AHR antagonist, likely due to prevention of AHR activation and degradation.
AHR Signaling Mediates IS Regulation of TF As IS activated AHR signaling in vSMCs (Figure 1) , we posited that IS may regulate TF through AHR and examined this hypothesis via three models: (1) AHR 2/2 KO cells; (2) cells in which AHR is silenced; and (3) AHR antagonists.
Human vSMCs stably expressing a doxycycline-inducible short hairpin AHR construct showed substantially lowered AHR and TF levels after 48 hours (Figure 2A Figure 7A , Figure 2B ). In contrast, AHR 2/2 cells, in which AHR expression was reestablished by gene knock-in (KI), expressed significant TF levels. Treatment with IS upregulated TF in AHR KI cells significantly more than AHR 2/2 mice. Both AHR antagonists significantly reduced the IS-induced or uremic serum-induced increase in TF expression and activity ( Figure 2 , C-F). Interestingly, CB7993113 reduced TF activity even in vSMCs incubated with sera from healthy volunteers ( Figure 2 , E and F), suggesting AHR regulating TF even with a baseline of AHR activity induced by endogenous ligands. 12, 16 AHR antagonists suppressed IS-induced or uremic serum-induced TF levels significantly more (95% suppression) than they suppressed baseline TF levels (67% suppression, P=0.03) (Figure 2 , C and E). No free levels of IS were examined in cells treated with albumin and IS. However, as only the free form of IS is deemed biologically active, the increase in both TF and AHR activities suggests the presence of sufficient levels of free IS in the milieu. Of note, other canonical AHR agonists, 6-formylindole [3,2-b] carbazole (FICZ) and b-naphtoflavone (b-NF), and an antagonist, 39methoxy-4'nitroflavone (MNF), regulated TF according to their respective AHR activities (i.e., agonists increased and the antagonists reduced TF), further strengthening the role of AHR as a regulator of TF (Supplementary Figure 7 , B-D).
Several mediators can increase TF in vSMCs postinjury, e.g., thrombin, TNFa, and CD40L. 9 IS further augments TF expression after vSMC injury, 8 which was reduced by CH223191 ( Figure 2G ) demonstrating the profound effect of AHR inhibition.
Since AHR regulates TF protein, we examined whether AHR and TF physically interact. Immunoprecipitation of TF resulted in coprecipitation of AHR and vice versa ( Figure 3A ). Since indirect protein interactions could not be excluded in in vivo co-IP studies, we used an in vitro binding assay using bacloviral purified human full-length, His-tagged AHR protein immobilized on nickel beads, and soluble bacloviral purified human TF. Purified AHR interacted with purified TF ( Figure 3B ). Immunofluorescence demonstrated predominantly cytosolic AHR with a portion in the nucleus whereas TF localized to the vSMCs cytosol and membrane ( Figure 3C ). Nuclear translocation of AHR following activation by IS. Primary human aortic vSMCs were treated with control or IS (25 mg/ml), as described previously. 8 Subcellular fractionation was performed. Tubulin and fibrillarin (cytosol and nuclear markers, respectively) served as loading controls. A representative of three independent experiments is shown. (C) AHR antagonist abrogates uremic serum-induced nuclear translocation of AHR. Subconfluent serum-starved vSMCs treated with 5% pooled control and uremic sera and 10 mM CB7993113 for 20 minutes and subjected to immunofluorescence microscopy. Representative images from 150 randomly counted cells are shown. Profile plots were generated using ImageJ, which delineates the distribution and the signal intensity over the length of a cell. The broken line delineates the nucleus and nuclear AHR. Scale bar, 10 mM. (D) The free form of IS activates and AHR antagonism suppresses AHR activity in vSMCs. vSMCs stably expressing a xenobiotic responsive element promoter-luciferase reporter construct were treated with IS corresponding to different CKD stages (Supplemental Table 4 ) and AHR antagonist CB7993113 (10 mM) for 24 hours in serum-free medium. AHR activity was quantified by firefly luciferase units and converted to AHR activity unit using
Both colocalized in the perinuclear region. Colocalization, represented as a scatter plot with the pixel density of flurophore, is displayed along the entire Z-stack. A diagonal Z-plot supports TF-AHR colocalization.
Mechanism of AHR Antagonism in Destabilizing TF
Previously, we demonstrated that IS inhibited TF ubiquitination and degradation. 8 Since AHR activation upregulates TF and AHR antagonists suppress TF, we hypothesized that AHR antagonist enhances TF ubiquitination and degradation. Generally, AHR signaling may regulate TF expression by influencing TF mRNA transcription and/or by modulating TF protein degradation. To distinguish these possibilities, TF expression was examined temporally following treatment with IS and AHR antagonist ( Figure 4A ). TF levels increased significantly within 2-4 hours of IS treatment; both basal and IS-induced TF were reduced by addition of AHR antagonist ( Figure 4A ). These changes occurred prior to TF mRNA increase (Supplemental Figure 8) , suggesting post-transcriptional regulation.
Since TF protein half-life is controlled by ubiquitination and proteasomal degradation, 8, 22 we posited that AHR inhibition enhances TF ubiquitination and degradation. MG132, a potent proteasome antagonist, increased basal and IS-induced TF levels, significantly blocking AHR antagonist-mediated downregulation of both basal and IS-induced TF levels ( Figure  4B ), suggesting that AHR inhibition increases TF proteasomal degradation. As proteasomal degradation destabilizes protein, we examined TF half-life using emetine, an antagonist of protein translation. AHR inhibition significantly reduced TF halflife in untreated vSMC (from 55 to 22 minutes, Supplemental Figure 9 ) and IS-treated vSMC (3.25 hours to 40 minutes, Figure 4D ). Of note, a significant increase in TF degradation was observed within 30 minutes of AHR antagonist treatment (P=0.04) (Figure 4 , C and D).
Ubiquitinated TF undergoes proteasomal degradation in a manner suppressed by IS. 8 That AHR inhibition increased TF degradation through the proteasomal pathway implicates its potential to increase TF ubiquitination. We examined different cell lines, vSMCs and MDA-MB231 (a breast cancer cell line expressing high TF levels). 23 TF ubiquitination was examined using whole cell lysates ( Figure 4E ) or immunoprecipitated TF ( Figure 4F ), or with its coexpression with transfected ubiquitin (Figure 4G ), all in the presence of MG132. Higher molecular weight-ubiquitinated species of TF accumulated at baseline. The numbers of such species were reduced with IS treatment, suggesting that ligand-bound AHR blocks TF ubiquitination (Figure 4E) . CB7993113 increased ubiquitination of TF in a dosedependent manner in the presence of IS. These data indicate that AHR antagonists enhance TF ubiquitination and proteasomal degradation.
AHR Antagonists as Potential Antithrombotics
As AHR antagonists enhance TF degradation, we evaluated the effectiveness of AHR antagonists as antithrombotics using a validated flow loop model of postinterventional thrombosis. 8, 24 This system consists of a silastic tube lined with a monolayer of vSMC, a major trigger for postinterventional thrombosis following endothelial denudation ( Figure 5A ). The blood flow created by accelerating loops about their vertical axis generates relative wall shear stresses on vSMCs, inducing thrombosis and recapitulating a coronary-like hemodynamic environment experienced in a postinterventional state, as following coronary angioplasty or stenting. Estimates of hemoglobin (Hb; an indicator of the red blood cell component of the clot) and lactate dehydrogenase (LDH; an indicator of the total cellular component of the clot) served as biologic measures of thrombus formation. 8, 24 We demonstrated previously that IS robustly induced thrombosis in this model in a TF-dependent manner, as observed in patients with CKD. 8 In the presence of an AHR antagonist, we now show a significant reduction in IS-induced thrombosis (50% reduction in both Hb and LDH, P=0.002 and 0.02, respectively) and uremic serum-induced thrombosis (53%-80% reduction in both Hb and LDH, P=0.02 and ,0.01, respectively, Figure 5 , B-E).
We next examined whether efficacy of AHR antagonism of TF could be correlated with IS levels, which would suggest a putative role as biomarker. AHR antagonist inhibition of vSMCs TF in response to uremic sera from eight ESRD patients (marked with the superscripts " a " in Table 1 ) correlated with a standard curve generated with a canonical AHR agonist, FICZ (Supplementary Figure 6A ). An average of three independent experiments is shown. Compared with control, P values for different IS concentrations were P=0.04 for 0.125, P=0.001 for 0.25, 0.5, and 1.0 mg/ml of IS, and 0.01 for 2.5 and 5.0 mg/ml of IS. Compared with CB7993113, P values for vehicle-treated cells were P=0.01 for 0.025, 0.5, and 1.0 mg/ ml of IS, and 0.001 for 2.5 and 5.0 mg/ml of IS. Error bars=SD. The concentrations of free IS at every stage of CKD are shown (Supplemental Figure 4) . (E) IS upregulates AHR target genes in vSMCs. vSMCs treated with IS (25 mg/ml) and CH223191 (10 mM) for 24 hours. Samples treated with HSA served as controls. Quantitative RT-PCR reactions were run in duplicate for each sample and quantified using real-time PCR for detecting Cyp1b1, Cyp1a1, and Ahrr mRNA and the ct (cycle threshold) values were generated. An average of three independent experiments performed in duplicates is shown. Error bars=SEM. Compared with control, the IS had higher Cyp1b1, P,0.01, Cyp1a1, P=0.001, and Ahrr, P=0.01. vSMCs treated with 25 mg/ml IS and CB7993113 (10 mM) for 24 hours and subjected to procoagulant TF activity on intact vSMCs. An average of three independent experiments performed in duplicates is shown. Error bars =SD. The P values were as follows: P,0.01 between control and IS; P=0.02 between control and control+10 mM and P=0.008 for 20 mM CH223191; P=0.03 between IS and IS+10 mM and P=0.003 for 20 mM CH223191. (E) AHR antagonist downregulates both the control and uremic serum-induced TF expression. vSMCs treated with 5% pooled control or uremic serum and CB7993113 for 24 hours. A representative of five independent experiments is shown. Compared with control serum-treated cells P=0.02 for control serum with AHR antagonist; compared with uremic serum P=0.001 for uremic serum IS levels (Spearman correlation coefficient=0.85, P,0.01, Figure 5F ). As free IS is biologically active and expected to represent 10% of total IS (Supplemental Table 4 ), it is likely that 10 mM of AHR antagonist sufficiently antagonized estimated free IS (average6 SD of 5.116 2.33 mg/ml). Correlation of IS levels with the AHR antagonist effect on TF supports further development of IS as a putative efficacy biomarker.
serum with AHR antagonist. (F) AHR antagonists suppress procoagulant TF activity in both control and uremic sera-treated vSMCs. vSMCs were treated with 5% pooled control or uremic serum and AHR antagonist for 24 hours and TF activity was measured. An average of three independent experiments is shown. Error bars=SD. The P values were as follows: P=0.003 between control and uremic serum; for the control group, P=0.14 between control serum and control serum+10 mM CH223191 and P=0.02 with 20 mM CH223191, and P=0.08 for control serum+10 mM and P=0.007 for 20 mM CB7993113; for the uremic group, P=0.04 between uremic serum and uremic serum+10 mM and P,0.01 for 20 mM CH223191, and P=0.02 for uremic serum+10 mM and P=0.002 for 20 mM CB7993113. (G) AHR antagonist suppresses combined injury and IS-augmented TF upregulation. vSMCs treated with IS and CH223191 for 24 hours were injured using a cell scrapper. The cells were harvested after 2 hours. A representative from three experiments is shown. P=0.05 for TF between combined IS+injury without and with AHR antagonist. vSMCs were stained for TF and AHR and imaged using confocal microscopy. Representative images from 100 randomly counted cells are shown. Scatter plots were generated with TF on channel 1 and AHR on channel 2 using ImageJ. The plots pointing along the X or Y axes represent the absence of colocalization, whereas that pointing along the Z axis indicates colocalization. The Pearson correlation coefficient for AHR and TF was 0.84 as calculated by ImageJ. Scale bar, 10 mM.
DISCUSSION
We demonstrate that AHR signaling plays a critical role in regulating vSMC TF levels. This regulation is of particular relevance to patients with renal failure and uremia following vascular injury. IS, a uremic toxin, activates AHR, which then interacts directly with and stabilizes TF, promoting thrombosis. Conversely, suppression of AHR activity by AHR antagonists ubiquitinates and destabilizes TF, an effect that we found robustly inhibited thrombosis despite exposure to IS or a uremic milleu. We reveal AHR's potential as a novel antithrombotic target in patients with renal failure, a fact strengthened by correlations between IS levels and AHR/TF activities in humans, as well as IS correlation with AHR antagonist responsiveness. Our work focuses on vSMCs as the major trigger of postinterventional thrombosis, yet the IS-AHR-TF axis may well extend to other types of thrombosis, such as AVF thrombosis or spontaneous venous thrombosis, whose incidence also remain higher in CKD patients. 1, 25 Traditionally, AHR is recognized as a receptor for exogenous and endogenous toxins. That AHR activation upregulates several detoxifying enzymes such as Cyp1a1 and Cyp1b1, etc., 26 supports its function as a sensor and detoxifier of environmental chemicals. Therefore AHR may similarly serve as a receptor for IS, an endogenous toxin. AHR is a transcriptional regulator 26 and also assists protein degradation. 14, 15 The present data in vSMCs pertinent to the thrombosis model point to a divergent role of AHR from its currently accepted pathophysiologic role as a transcriptional coactivator.
AHR can potentially regulate TF at multiple levels: gene, mRNA, and protein. A role in transcriptional regulation has recently been described by Gondouin et al. 20 In ECs and polymorphonuclear cells, IS upregulated TF transcription through AHR signaling. 20 IS increased TF mRNA at the end of 4 hours and TF protein expression by 6 hours. 20 In contrast, we demonstrate that AHR rapidly regulates vSMC TF at the protein level as substantiated by the following observations: (1) AHR antagonists shorten TF half-life, resulting in its degradation within 30 minutes indicating a post-transcriptional mechanism ( Figure 4 , C and D); (2) AHR antagonist-mediated TF downregulation is abrogated with proteasomal blocking (Figure 4B) ; and (3) AHR antagonists enhance TF ubiquitination (Figure 4 , C-G). Althought not specifically studied, such posttranslational regulation of TF may also be present in ECs. 20 Our data indicate a direct interaction ( Figure 3B ) and regulation of TF through AHR; however, an indirect regulation is also likely. 27 All of these data support multiple mechanisms of AHR-mediated TF regulation in different cell types underscoring its critical role in TF biology.
ECs and vSMCs exhibit distinct roles in thrombosis. Venous thromboembolic diseases is characterized by clot formation often precipitated by flow stasis on dysfunctional, albeit generally intact, endothelium. 20 In contrast, vSMCs, are the major cell type exposed to blood following arterial injury. 6 Cardiovascular and cerebrovascular thrombotic events are precipitated by clot formation at sites of endothelial disruption following plaque rupture or interventions such as angioplasty or stenting, wherein endothelium is directly removed, making vSMC the relevant contributor. Indeed, re-endothelialization to cover thrombogenic vSMCs is the hallmark of vascular healing and heralds the reduction in postinterventional clotting risk. Despite vastly different functions of endothelium and vSMCs, the current work, and that of others 20 suggests that IS-mediated TF regulation through AHR enhances both venous and arterial thrombosis in CKD.
Most contemporary antithrombotics target factors of coagulation in blood, rather than targeting the vascular wall compartment, as with the AHR antagonism. Recently, geldanamycin was examined as an indirect AHR suppressor and found to reduce TF, 20 yet it has many limitations. As a HSP90 antagonist, it inhibits key chaperon activities causing degradation of a number of vital proteins, including kinases such as mitogenactivated protein kinase. 20 Indeed, geldanamycin's effect on TF mRNA may not entirely be through AHR-dependent pathways as it suppresses the mitogen-activated protein kinase pathway, 28 itself a potent inducer of TF mRNA in ECs. 9 Lack of overall specificity resulting in many off-target effects makes geldanamycin a therapeutically undesirable option. 29 In contrast, targeted AHR antagonism with novel inhibitors such as CB7993113 is a promising antithrombotic approach in CKD-mediated thrombosis. Historically, managing thrombosis in CKD patients has proven challenging. Pharmacokinetics limits agent selection 30 whereas retained products augment bleeding risk. 31 Conventional antithrombotics have consistently proven inadequate in CKD in numerous clinical scenarios. 6, 32, 33 As renal deterioration progresses, vascular cells are exposed to increasing levels of IS, perpetuating the prothrombotic milieu. Even at concentrations found in early CKD patients, IS induces TF activity in vSMCs (Supplemental Figure 10) . While the standard approach to managing uremic toxins is removal through dialysis, IS is highly protein bound and is poorly cleared.
AHR antagonism provides a novel way of managing uremic toxins, not through clearance, but through abrogating toxic effects through their intracellular mediator-AHR pathway. Employing a flow loop model of postinterventional thrombosis relevant to CKD, 8, 24, 34 we demonstrate potent inhibition of ISinduced or uremic serum-induced thrombosis in vSMCs ( Figure  5 ). Correlations between components of the IS-AHR-TF axis in CKD patients support the relevance of AHR as a potential target in humans (Table 2) . Targeting AHR directly with AHR antagonists is expected to have fewer off-target effects and may even offer unique advantages with respect to bleeding. While most antithrombotics target blood-borne coagulation components systemically, thus increasing bleeding risks in uremic patients, 30, 31 AHR antagonists may preferentially act at sites of local vascular damage (i.e., the vSMC compartment), despite systemic administration.
Linking diagnostic biomarkers with targeted AHR antagonists is a further way to improve the antithrombotic risk-benefit Proteasome inhibition abrogates the effect of an AHR antagonist on both basal and IS-induced TF levels. vSMCs treated for 4 hours with 10 mM proteasome inhibitor (MG132) and 2 hours with 25 mg/ml IS and 10 mM AHR antagonist (CH223191) were lysed and probed. A representative of three independent experiments is shown. (C) AHR antagonist destabilizes IS-induced TF. vSMCs treated with 25 mg/ml IS and CB7993113 for 24 hours were treated with 20 mM emetine and harvested at the indicated time. A representative from three experiments is shown. (D) Densitometry was performed using ImageJ. GAPDH was used to normalize the TF signal. An average of three independent experiments is shown. Error bars=SD. P=0.01 for TF levels compared with and without CB7993113 for through patient selection. Indeed, we found that IS levels varied dramatically in individuals with CKD, even among those in the same CKD stage (stage V=7-8-fold; Table 1 ). Moreover, this IS level exhibited a dose-response relationship with TF expression and activity across the entire spectrum of CKD (Supplemental Figure 10) . Thus, IS measurement may well be a suitable biomarker to stratify thrombosis risk in CKD patients. Moreover, as IS levels correlated with responsiveness to AHR antagonists in the vSMC compartment ( Figure 5E ), it may be further leveraged to select patients and refine AHR antagonist management.
Of note, AHR antagonists downregulated TF in cells exposed to control serum (nonuremic), albeit to a lesser extent (Figure 2, E and F) . Several endogenous ligands can constitutively activate AHR signaling 35, 36 and may regulate a "tonic" level of TF on which AHR antagonists can act. Thus, AHR antagonists may represent an important approach to limiting thrombosis even in a nonuremic cohort.
To allow integrated studies between vSMCs, uremic toxins, and reactive whole blood, we employed a flow loop model and demonstrated the potential of AHR antagonists as a novel class of antithrombotics ( Figure 5 ). While experiments in an animal model would have been desirable, murine models of CKD fail to recapitulate the enhanced thrombotic phenotype following vascular injury 37 that was critical to our work. Therefore, we opted for a "humanized" system with human serum to generate a response in human vSMCs exposed to human blood perfused at human coronary flow conditions. Importantly, we have already demonstrated that this model recapitulates the increased thrombosis of the CKD milieu. 8 In addition to the lack of an animal model, this study has limitations. First, the concentrations of IS and HSA used to treat cells corresponded to the levels found in ESRD patients 25, [38] [39] [40] [41] and this combination of HSA and IS is expected to result in 10% of the free form of IS, a biologically active form. Although lack of direct measurement of free IS represents a limitation of the study, the conditions used were sufficient to activate AHR signaling and TF stabilization. Second, 20 patients is a small sample size; however, the demonstration of statistically significant results even in such a small group, supports potential future studies in larger cohorts. Third, the above experiments examined the effects of IS or AHR signaling from 20 minutes to 48 hours. As we begin to explore AHR-mediated effects in this relatively short time frame, it will be critical to also determine the effect of chronic IS exposure of vSMCs.
IS is a member of an emerging group of prothrombotic metabolites termed as "thrombolome" 25 . Overall, this work delineates a mechanism of the prothrombotic property of IS and, in doing so, defines AHR as an antithrombotic target and AHR antagonists as a novel class of antithrombotics. The combination of IS levels and AHR antagonists forms the foundation for a unique theranostic antithrombotic platform in CKD patients.
CONCISE METHODS
Please refer to the Data Supplement for expanded methods for human samples (human subjects and serum collection, immunohistochemistry for AHR and TF), biochemical experiments (cell lines, reagents, lysis and immunoblotting, immunoprecipitation, immunofluorescence, and chemical synthesis of direct AHR antagonist CB7993113, bacloviral protein production, and in vitro interaction), and cell biologic experiments (in vivo ubiquitination assay, procoagulant TF activity assay, and AHR activity assay).
Liquid Chromatography/Mass Spectrometry Method for Determination of IS
Briefly, 20 ml of serum samples, or IS standards were diluted with 40 ml of water. Fifty microliters of the diluted sample was mixed with 200 ml of acetonitrile containing internal standard (deuterated IS). The mixture was filtered with a 96-well protein crash plate. Forty microliters of filtrate was mixed with 160 ml of 5 mmol/l ammonium acetate. The injection volume was 50 ml. An Agilent 1200 pump was used for separation. Samples were loaded onto a C18 analytical column and eluted with a binary gradient consisting of solvent A (5 mmol/l ammonium acetate solution) and solvent B (methanol). Mass spectrometry was performed using a API 400 triple quadrupole mass spectrometry with the electrospray source in negative mode. Tandem mass spectrometer parameters were set as follows: DP 248.0, EP 210, GS1 4.0, NC 21.0, CAD 6.0, and TEM 300°C. MRM was used for the multiple products of IS (212.80.0) and IS-d4 (216.80) (Supplemental Figure 1A) .
Cell Lines and Treatment of Uremic Toxins
Primary human aortic vSMCs obtained from the American Type Culture Collection (ATCC) were grown in DMEM low glucose with 5% calf serum and 1% penicillin and streptomycin and used for up to 10 passages. Rat vSMCs (A57r), MDA-MB231, and HepG2 cells (all obtained from ATCC) were grown in DMEM high glucose with 10% FBS and 1% penicillin and streptomycin. Early passage AHR KO-KI a given time point. (E) Suppression of AHR activity enhances TF ubiquitination. vSMCs treated with control or 25 mg/ml IS with or without CB7993113 for 24 hours and MG132 for 4 hours were lysed and probed using TF antibody. A representative of two independent experiments is shown. (F) AHR antagonist increases ubiquitination of basal TF and also restores IS-inhibited TF ubiquitination. vSMCs were treated as above and immunoprecipitated using TF antibody and immunoblotted with ubiquitin antibodies. Immunoprecipitated TF is shown as input. A representative from three experiments is shown. (G) AHR antagonist increases TF ubiquitination. MDA-MB231 cells were transfected with HA-ubiquitin and then treated with 25 mg/ml IS and CB7993113 for 24 hours and 10 mM MG132 for 16 hours. Cells lysed in RIPA buffer were immunoprecipitated using HA antibody and immunoblotted with TF antibody. Five percent of the cell lysates was probed for TF and HA as inputs. A representative immunoblot from three experiments is shown. GAPDH, glyceraldehyde-3-phosphoate dehydrogenase.
MEFs (a gift from Dr. A. Puga, University of Cincinnati) 21 were grown in F12 medium supplemented with 10% FBS (Life Technologies), 26 mM NaHCO 3 , 1% antibiotic/antimycotic solution (Sigma-Aldrich), and 600 ug/ml G418 (GIBCO Invitrogen Corporation) to ensure retention of the AHR 2/2 genotype generated by insertion of the bacterial neo gene. Stable transfectant clones expressing AHR protein (KI) were grown in the same medium containing an additional 3 mg/ml puromycin (A.G. Scientific, Inc.) and 400 mg/ml hygromycin (Calbiochem). Doxycycline (Sigma-Aldrich), a tetracycline analog, was used at a final concentration of 5 mg/ml to suppress the expression of AHR. Doxycycline was withdrawn for 5 days to allow expression of AHR. Wild-type C57BL/6 background MEFs were grown in F12 medium supplemented with 10% FBS and antibiotics. The cells were treated with the HSA and IS corresponding to the average concentrations found in the serum of ESRD patients of albumin and IS (total) of 4.0 gm/dl and 25 mg/ml, respectively, which is known to result in 1-2.5 mg/ml of the free form of IS (4%-10% of total). [38] [39] [40] HSA was purchased from Lee Biosolutions (St. Louis, MO) and for the bound form, IS was incubated for 15 minutes at room temperature in medium containing FBS supplemented with HSA to bring up to a final concentration of albumin of 4.0 gm/dL. Unless specified, all the figures Table 1 ) with 10 mM of CH223191. Percent reduction in TF expression in CH223191-treated cells was compared with vehicletreated cells. Average TF reduction from two independent experiments was correlated with IS levels.
in this article utilized the bound form of IS and thus HSA served as a control. No free form of IS was measured in the medium under these conditions. For the experiments with the free form of IS, cells were treated with IS in serum-and albumin-free medium ( Figure 1D ).
Flow Loop System
A flow loop consists of silastic tubes coated with human vSMCs subjected to coronary flow conditions that emulate the endovascular intervention ex vivo and serve as a screening tool to examine thrombosis in various vascular beds. Prior to cell seeding, 4-cm-long, 1/8" ID Tygon Ò tubes (Saint-Gobain, France) were prepared as described previously 8, 24, 34 and injected with 1310 6 cells/ml vSMCs into the fibronectin-coated tubes and cultured for 16 hours under axial rotation at 10 rph, 37°C, 5% CO 2 .
vSMC coated tubes were exposed to uremic serum (5%) or IS (5 mg/ml, without HAS) with or without 40 mM CB7993113 for 24 hours. The segments were explanted, gently flushed to remove the media, and positioned in the reactive site flow loop model as described ( Figure  5A ). 8, 24, 34 Fresh whole blood was collected from healthy volunteers in a 10% acid-citrate dextrose solution. Immediately prior to testing, a 100 mM/l CaCl 2 /75 mM/l MgCl 2 solution was added to the blood (70 ml solution per 1 ml blood) and loaded into the flow loops. After 10-minute runs, the loops were emptied and flushed with 60 ml Tyrodes buffer (0.01 mol/L HEPES, 0.75 mM/l MgCl 2 ) to remove nonadherent material. The clot was lyzed with 1% Triton-X solution for 20 minutes. LDH and Hb were measured using Quantichorme Heme Assay and Cyto-Tox 96 NonRadioactive Cytotoxicity Assay (Promega) as measures of total clot and erythrocyte content, respectively.
Statistical Analyses
Summary statistics are presented as the mean, median, and SD. Either a paired-t test or a Wilcoxon rank sum test was performed to compare the groups as appropriate. Spearman or Pearson correlation was performed to analyze the correlation between two variables, as appropriate. Statistical significance was assessed at the P,0.05 level. A one-way ANOVA with Dunnett's post hoc test was used to compare the half maximal effective concentration with CB7993113.
